A perfect wound healing requires sutures having many handling characteristics such as good knot security and flexibility. Knot security characteristics are influenced by a variety of physical and mechanical parameters including the friction coefficient, bending rigidity and compressibility of the suture. Knot security and other handling characteristics are evaluated only by surgeons during the implantation. There are no standard tests to evaluate these qualities. We present in this paper an objective method to assess knot security of nylon sutures. This method is based on a fuzzy-logic model which correlates suture physical parameters and the knot security.
Multifilament sutures such as braided sutures are generally easier to handle and tie than monofilament sutures. They provide a better knot security due to their higher coefficient of friction [2, 3] . A linear relationship between knot security and coefficient of friction was reported by Herman [4] . A high coefficient of friction makes the knot tying difficult but leads to a more secure knot thanks to additional frictional forces which hold the knot ears together.
Determining the knot security of the sutures is the subject of many researches in orthopedic surgery [5, 6] . This literature focuses on knot security because it plays an important role in the successful wound healing but reported results are not usually approved clinically. Indeed, there are no conventional procedures for objectively evaluating the handling properties of sutures [7] .
We propose, in this paper, an objective method for evaluating knot security based on the correlation between subjective evaluation of sutures and objective measurements based on physical tests by using fuzzy logic method. The purpose of this modeling is to predict handling properties of sutures from physical measured parameters.
EXPERIMENTAL PART
Braided nylon sutures "Polyamide T Noir" commercialized by Adhe-els were evaluated. They are made from multifilament yarns and have different USP sizes: 2 -1/0 -2/0 -3/0. The size 3/0 correspond to the smallest diameter. Suture sizes are defined by the United States Pharmacopeia (U.S.P.). For a given USP size, the diameter of thread differs depending on the 
Objective evaluation
In order to evaluate knot security, friction coefficient, bending rigidity and compressibility can be used [2, 8] . We determined friction coefficient by twist method proposed by Lindberg and Gralen and adopted by Gupta [8] . An experimental device composed of six pulleys was developed and fixed to the lower jaws of a tensile tester. Two identical sutures are fixed to the upper jaws and passed around pulleys and two identical masses are attached to the two sutures as shown in figure 1.
Equation 1 allows the calculation of friction coefficient µ:
The variables T, T 0 , n and β are respectively friction force registered by the load cell, normal force, number of twists and angle between sutures. to maximum and minimum friction coefficients levels. Gupta [8] considered the difference between these levels (μ s -μ k ) as the magnitude of stick-slip phenomena reflecting the ease or difficulty encountered by the suture to slip in the knot.
Available literature related textile flexure concerns mainly fabrics and fibers. Today, there are no conventional methods or standards for the measurement of yarns bending rigidity. Ghane et al. [9] showed that we can assimilate yarn to a beam and determine the flexural rigidity using a two-support beam system and classic elastic equations in the case of small deflection.
The yarn is fixed at one end, supported at the other and loaded in middle to measure deflection. We tried this method but results were not reproducible in the case of our braids.
Inspired by this method, we had the idea to fix the two ends of sutures in order to avoid random slip of suture and apply a force F in the middle of the suture as shown in figure 2 . The distance l between two supports is 6 cm. The deflection f is measured and bending stiffness EI Gz is calculated from equation 2.
The determination of compression behavior of the suture requires the study of compressive stresses occurring inside the knot in order to evaluate important parameters such as knot security. During, this study, compressibility of the suture was measured by determining the 
Subjective evaluation
In order to evaluate sutures subjectively we did a survey of 15 surgeons. Every surgeon was request to use our sutures in surgical operations and assign a score to the knot security which varies between -2 and 2. The score -2 corresponds to a very low knot security and 2
corresponds to an excellent knot security as shown in figure 4 .
The influence of the tying technique on the knot security was reported by many studies [2, 3, 10] . The highest knot security was found with square knots. We performed tests with this knot type ( Figure 5 ). quantitative data which describe sutures hand. In literature, some researchers studied the relationship between objective tests and subjective evaluation mainly in the case of knitted fabric hand [11] [12] [13] .
The prediction of knot security from objective tests requires correlation between subjective evaluation of handling characteristics and physical parameters obtained from objective tests. 
The influence of the tying technique on the knot security was reported by many studies [2, 3, 10] . The highest knot security was found with square knots. We performed tests with this knot type ( Figure 5 ). 
Modeling the relationship between objective tests and subjective evaluation
Subjective or sensory evaluation gives an idea about surgeon perception towards sutures handling characteristics but it is difficult to use because of the lack of standards describing interpretation of human evaluation. On the other side, objective tests provide precise quantitative data which describe sutures hand. In literature, some researchers studied the relationship between objective tests and subjective evaluation mainly in the case of knitted fabric hand [11] [12] [13] .
Subjective evaluation
Modeling the relationship between objective tests and subjective evaluation
The prediction of knot security from objective tests requires correlation between subjective evaluation of handling characteristics and physical parameters obtained from objective tests.
Relationship between physical parameters and knot security is complex. For the correlation, we used fuzzy logic technique which has been often used in the field of fabric hand evaluation [14] [15] [16] [17] . This method has shown many advantages in characterizing some complex concepts related to sensory and instrumental evaluation of hand properties. Fuzzy logic is flexible and tolerant of imprecise data that can model non linear functions. A fuzzy Inference system can be described via the diagram shown in figure 6.
Fig.6. Diagram of Fuzzy Interference System
In our case, the inputs are physical parameters and the output is the score attributed by the surgeon. We used the Java Eclipse software to program Fuzzy Interference System.
RESULTS AND DISCUSSIONS
 Objective evaluation Figure 7 presents an example of force-displacement diagrams registered by the tensile tester according to the twist method. This diagram shows maximum and minimum peaks. These peaks were used to calculate the term (μ s -μ k ) corresponding to the difference between successive friction coefficients by using a program developed on Matlab software. As can be seen from figure 8, friction coefficient is overall proportional to suture diameter.
Suture having the highest diameter (USP 2) shows the highest friction coefficient.
This is explained by the fact that when the diameter increases, filaments are more inclined relatively to braid axis and are more opposed to tangential movement of braid surface. During suture slippage tensile tester load cell records consecutive maximum and minimum forces which are different. Figure 9 shows results of bending rigidity test. It is quite obvious that when the diameter of the braid increases, the bending stiffness increases. Sutures having low bending rigidities are more flexible and allow easy handling by the surgeon. 6 Force (N)
Displacement (mm)
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As can be seen from figure 8, friction coefficient is overall proportional to suture diameter.
This is explained by the fact that when the diameter increases, filaments are more inclined relatively to braid axis and are more opposed to tangential movement of braid surface. During suture slippage tensile tester load cell records consecutive maximum and minimum forces which are different. Figure 9 shows results of bending rigidity test. It is quite obvious that when the diameter of the braid increases, the bending stiffness increases. Sutures having low bending rigidities are more flexible and allow easy handling by the surgeon. 
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Suture having the highest diameter (USP 2) shows the highest friction coefficient. This is explained by the fact that when the diameter increases, filaments are more inclined relatively to braid axis and are more opposed to tangential movement of braid surface. During suture slippage tensile tester load cell records consecutive maximum and minimum forces which are different. Figure 9 shows results of bending rigidity test. It is quite obvious that when the diameter of the braid increases, the bending stiffness increases. Sutures having low bending rigidities are more flexible and allow easy handling by the surgeon. For sutures compressibility evaluation, we determined sutures diameters by using a microscope and image processing ( figure 10 . We can see that suture have the smallest diameter (USP 3/0) has the highest lateral deformation.
 Subjective evaluation
We collected scores attributed by surgeons for the different sutures used in different surgeries ( Table 2) . Results are presented in term of percentage relatively to the total number of evaluations. We can notice that sutures which have low diameter (USP 2/0 and 3/0) present good knot security. and friction coefficient.
A fuzzy inference system contains four components: the fuzzifier, inference engine, rule base and defuzzifier ( Figure 6 ) [13, 16] . The fuzzifier maps the inputs numbers into corresponding fuzzy memberships in order to activate rules that are in terms of linguistic variables. Then, the fuzzifier determines for a given input the degree of membership to the fuzzy sets via the membership functions.
The rule base contains linguistic rules provided by experts. In our case, there are no experts able to provide rules which describe the relationship between physical parameters and knot security of sutures. So, we have to extract the rules of the model from numerical data. The inference engine consists in passing from input fuzzy sets to output fuzzy ones. Every activated rule has an output fuzzy set using fuzzy operators. It is possible that one or more rules are kept out. The used method for the implication is the minimum. Then, all rules are aggregated to obtain only one output set.
To defuzzify is to return a number from the output fuzzy set. There are several methods used for defuzzification but the most used is the centroid. It calculates and returns the center of gravity of the aggregated fuzzy sets.
For the extraction of rules, we used the method of clustering map [18, 19] . From Table 3 , we obtain Figure 11 which correspond to the mapping of each two mechanical parameters together. Fig.11 . Mapping of the inputs: E 1 and E 2 (left), E2 and E 3 (right)
The obtained maps show 3 clusters: Low, Moderate and Good. Our sutures were divided into 3 subsets and the following rules were extracted.
Rules extracted from objevtive and subjective data
Cluster1: If 0.4 ≤ E 1 ≤ 0.7 & 15 ≤ E 2 ≤ 20 & 1.25 ≤ E 3 ≤ 1.35 then knot security is Moderate Cluster2: If 0.8 ≤ E 1 ≤ 1.2 & 25 ≤ E 2 ≤ 30 & 1.6 ≤ E 3 ≤ 1.7 then knot security is Low Cluster3: If 0.2 ≤ E 1 ≤ 0.6 & 20 ≤ E 2 ≤ 40 & 1 ≤ E 3 ≤ 1.
then knot security is Good

Fuzzy Inference System
The steps of fuzzy modeling procedure are described as following: 
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The inference engine consists in passing from input fuzzy sets to output fuzzy ones. Every activated rule has an output fuzzy set using fuzzy operators. It is possible that one or more rules are kept out. The used method for the implication is the minimum. Then, all rules are aggregated to obtain only one output set.
Rules extracted from objevtive and subjective data
45 then knot security is Good
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For the extraction of rules, we used the method of clustering map [18, 19] . From Table 3 , we obtain Figure 11 which correspond to the mapping of each two mechanical parameters together. 
Fuzzy Inference System
The steps of fuzzy modeling procedure are described as following: The fuzzy model calculates the score related to knot security from the three entered physical data.
Fuzzy system programming
In the beginning of the program, we have to declare input and output variables and enter input and output membership functions described in the fuzzification step. Then we introduce rules describing used fuzzy operators. We use the operator 'minimum' to calculate the intersection between predicates and activate rules; we used the operator 'maximum' to aggregate or accumulate rules. The transition from the fuzzy "world" to the real "world", requires the calculation of the center of gravity of output fuzzy set. Figure 13 gives an overview of the calculation program. We can see that, for a suture non evaluated by surgeons having a bending rigidity of 0,69 N.cm 2 , a lateral deformation of 20%
and a coefficient of friction of 1,43 E-03 (E1=0.69, E2=20, E3=1.43 ) , the output Knot_security is the aggregate output fuzzy set built by the aggregation of fuzzy sets obtained by each rule. The calculation of the center of gravity of the output fuzzy set leads to a Knot_security equal to 0.5.
Fig.13. Overview of the calculation program interface
The output equal to 0.5 obtained after defuzzification means that we have a suture having a moderate to good knot security. This same suture was then evaluated by surgeons; half of them assigned a 0 as a score and the other half a score of 1 for the knot security. Finally, we can say that developed Fuzzy-logic method and subjective evaluation done by the surgeons converge to similar results.
CONCLUSION
In this work, we propose an objective method to evaluate knot security of braided sutures made of nylon multifilament yarns. Knot security is a handling characteristic which can be evaluated only subjectively by surgeons during implantation. The developed method is based on a fuzzy model which correlates physical parameters determined by objective tests and knot security of sutures evaluated by surgeons.
We showed that it is possible to reproduce, reliably, surgeons appreciation of sutures. In fact,
we developed a fuzzy model allowing the prediction of knot security from three physical parameters of the suture: bending rigidity, lateral deformation and friction coefficient.
Further work will focus on the evaluation of knot security of other sutures available in the market in order to generalize results obtained in this work.
